The neutral amino acid transporter 2 (SNAT2), which belongs to the SLC38 family of solute transporters, couples the transport of amino acid to the cotransport of one Na ؉ ion into the cell. Several polar amino acids are highly conserved within the SLC38 family. Here, we mutated three of these conserved amino acids, Asn 82 in the predicted transmembrane domain 1 (TMD1), Tyr 337 in TMD7, and Arg 374 in TMD8; and we studied the functional consequences of these modifications. The mutation of N82A virtually eliminated the alanine-induced transport current, as well as amino acid uptake by SNAT2. In contrast, the mutations Y337A and R374Q did not abolish amino acid transport. The K m of SNAT2 for its interaction with Na ؉ , K Na ؉, was dramatically reduced by the N82A mutation, whereas the more conservative mutation N82S resulted in a K Na ؉ that was in between SNAT2 N82A and SNAT2 WT . These results were interpreted as a reduction of Na ؉ affinity caused by the Asn 82 mutations, suggesting that these mutations interfere with the interaction of SNAT2 with the sodium ion. As a consequence of this dramatic reduction in Na ؉ affinity, the apparent K m of SNAT2 N82A for alanine was increased 27-fold compared with that of SNAT2 WT . Our results demonstrate a direct or indirect involvement of Asn 82 in Na ؉ coordination by SNAT2. Therefore, we predict that TMD1 is crucial for the function of SLC38 transporters and that of related families.
Transporters for small, neutral amino acids are essential for the shuttling of glutamine, the major nitrogen carrier in mammalian organisms, into and out of cells (1) (2) (3) . Recently, a number of genes belonging to a family of sodium-coupled neutral amino acid transporters (SNAT 2 ; SLC38 gene family) have been cloned (4 -11) . The SLC38 gene family has six known members.
Member 2 of the family, SNAT2, is widely expressed is mammalian tissue (12, 13) , and its functional properties match those of the classically assigned system A transporters (5, 6, 12, 14 -16) . Although amino acid transport by SNATs is important for the physiological function of many tissues, it plays a particularly critical role in the brain (17) , where it is believed to help shuttle glutamine from astrocytes to neurons via the glutamateglutamine cycle. This process is essential for recycling the neurotransmitter glutamate.
Transport of neutral amino acids by SNAT2 is coupled to the cotransport of Na ϩ ions, with a proposed coupling stoichiometry of 1 neutral amino acid to 1 Na ϩ ion (14, 18, 19) . Although the amino acid is a neutral zwitterion, the Na ϩ ion carries charge. Therefore, it is possible that charged residues in the transmembrane domain of SNAT2 contribute to transport by counterbalancing charge on the substrate/Na ϩ ion. However, the transmembrane domains (TMDs) of SNAT2 predicted from hydropathy analysis contain only two charged residues, one of which (His 304 ) did not significantly affect the kinetics of Na ϩ binding to SNAT2 upon mutation to alanine (20) . In addition to charged residues, amino acids with polar side chains often interact with Na ϩ ions or charged groups of the amino acid in other Na ϩ -coupled amino acid transporters, of which bacterial homologues have been crystallized (21, 22) . In any case, it is not known whether amino acids with polar or charged side chains contribute to Na ϩ and/or substrate binding of SNAT2 and whether they are required for amino acid transport.
Here, we have modified by mutagenesis the amino acid residues Asn 82 , Tyr 337 , and Arg 374 , which are highly conserved throughout the mammalian SLC38 members and also some fungal members of the superfamily. Asn 82 is localized in the predicted TMD1 (Fig. 1A) , in which 87.5% of residues are conserved within the SLC38 transporters, suggesting that TMD1 may be very important for the function of SNAT2. When asparagine 82 was mutated to alanine (N82A) or serine (N82S), the mutant transporters mediated only small transport current and no significant amino acid uptake, whereas the Y337A and R374Q mutations had less effect on amino acid transport. Determination of the effect of Na ϩ on transport currents showed that the affinities for Na ϩ and, consequently, alanine were dramatically affected by the N82A mutation, whereas the more conservative mutation N82S resulted in affinities for both alanine and Na ϩ that were in between SNAT2 N82A and SNAT2 WT . Together, our results demonstrate that mutations to position 82 interfere with Na ϩ activation of amino acid transport by SNAT2, suggesting a direct or indirect involvement of Asn 82 in Na ϩ coordination by SNAT2.
EXPERIMENTAL PROCEDURES
Molecular Biology and Transient Expression-The cDNA coding for rat SNAT2, which was kindly provided by H. Varoqui, was subcloned into the SacI and NheI sites of a modified pBK-CMV vector (⌬(1098 -1300)) (Stratagene), containing the cytomegalovirus promoter for mammalian expression. Wildtype SNAT2 was used for site-directed mutagenesis according to the QuikChange protocol (Stratagene, La Jolla, CA), as described by the supplier. The primers for mutation experiments were obtained from the DNA core lab of the Department of Biochemistry at the University of Miami School of Medicine. The complete coding sequences of mutated SNAT2 clones were subsequently sequenced. Wild-type and mutant transporter constructs were used for transient transfection of subconfluent human embryonic kidney cell (HEK293T/17, ATCC number CRL 11268) cultures using FuGENE 6 transfection reagent (Roche Applied Sciences) according to the instructions of the supplier. Electrophysiological recordings were performed between days 1 and 3 post-transfection.
Immunohistochemistry-Immunostaining to test for expression of mutant SNAT2 was performed as follows. Nontransfected or transfected HEK293 cells plated on poly(Dlysine)-coated coverslips were washed two times with phosphate-buffered saline (PBS) and then fixed in 3% (w/v) paraformaldehyde in PBS for 25 min at room temperature. After several washing steps with PBS, the cells were permeabilized with 0.1% (v/v) Triton X-100 in PBS at room temperature for 10 min. After a washing step with PBS, they were blocked with 0.2% (w/v) bovine serum albumin in PBS for 30 min at room temperature and then incubated with 0.005 mg/ml affinity-purified SNAT2 antibody (synthesized by Bethyl Laboratories. Inc.) in 0.5% (w/v) bovine serum albumin and 0.1% (v/v) Triton X-100 in PBS for 1 h at room temperature. This antibody was raised against a portion of the N terminus of SNAT2, which is located in the cytoplasm. Following primary antibody incubation, the cells were rinsed and incubated for 1 h with antirabbit IgG conjugated to Cy3 (1:500; Dianova) in PBS containing 0.5% (w/v) bovine serum albumin and 0.1% (v/v) Triton X-100. After being washed with PBS and water, the cells were mounted with antifade reagent (Molecular Probes) and stored in the dark. The Cy3 immunofluorescence was excited with a mercury lamp, visualized with an inverted microscope (Zeiss) by using a TMR filter set (Omega), and photographed with a digital camera (Canon).
Amino Acid Uptake Assay-HEK293 cells were plated on collagen-coated 12-well dishes (1 ϫ 10 5 cells/well) in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, penicillin (100 units/ml), streptomycin (100 mg/ml), and glutamine (4 mM). 48 h after transfection with vector, wild-type SNAT2, or mutant transporter cDNA, the cells were washed with uptake buffer two times. The uptake buffer contained 140 mM sodium methanesulfonate (NaMes), 2 mM MgMes 2 , 2 mM calcium gluconate (CaGlu 2 ), 30 mM TrisMes, pH 8.0, 5 mM glucose. The cells were then preincubated in the same buffer for 5 min at 37°C before the buffer was removed and replaced with fresh buffer containing unlabeled ␣-methylamino-isobutyric acid (MeAIB) and 0.4 Ci of [
14 C]MeAIB (PerkinElmer Life Sciences; total concentration, 40 M). After 1 min of incubation at room temperature, uptake was terminated by washing twice with 1 ml of uptake buffer on ice (after 1 min uptake was in the linear range, as determined by quantifying the time dependence of uptake for times up to 5 min). The cells were then solubilized in 0.5 ml of 1% SDS, and radioactivity was measured by scintillation counting in 3 ml of scintillation fluid. The MeAIB uptake measurements were performed in duplicate.
Electrophysiology-SNAT2-mediated currents were recorded with an Adams & List EPC7 amplifier under voltage clamp conditions in the whole cell current recording configuration. The typical resistance of the recording electrode was 2-3 M⍀; the series resistance was 5-8 M⍀. Because the currents induced by substrate, anion, or cation application were small (typically, Ͻ200 pA), series resistance (R S ) compensation had a negligible effect on the magnitude of the observed currents (Ͻ4% error). Therefore, R S was not compensated. The extracellular bath buffer solution contained 140 mM sodium methanesulfonate (NaMes), 2 mM magnesium gluconate (MgGlu 2 ), 2 mM calcium gluconate (CaGlu 2 ), 30 mM Tris, pH 8.0. All of the experiments were conducted at extracellular pH of 8.0 because amino acid transport by SNAT2 is pH-dependent, and the transport rate is maximal at pH 8.0. Under the experimental conditions used in our experiments, alanine is not expected to accumulate in the cytosol to concentrations higher than a few M. Thus, no transinhibition should occur, even after long exposure of the cells to alanine. For testing the [Na ϩ ] dependence of the currents, Na ϩ in the extracellular solution was replaced with N-methylglucamine. The pipette solution contained 140 mM KSCN, 2 mM MgGlu 2 , 10 mM EGTA, 10 mM HEPES, pH 7.3. For determining the voltage dependence of SNAT2 alanine transport, a combined voltage ramp/solution exchange protocol was used. In this protocol, the cell membrane was initially held at 0 mV before ramping the voltage to its final value (Ϫ150 to ϩ90 mV) within 2 s. 2 s after establishing the new voltage, the extracellular solution was changed from no alanine to the final concentration of alanine, followed by ramping the voltage back to 0 mV. The currents were low pass filtered at 1-10 kHz (KrohnHite 3200) and digitized with a digitizer board (Axon, Digidata 1200) at a sampling rate of 10 -50 kHz, which was controlled by software (Axon PClamp). All of the experiments were performed at room temperature.
Rapid Solution Exchange-Rapid solution exchange was performed as described previously (23) . Briefly, substrates were applied to a voltage-clamped, SNAT2-expressing cell suspended at the tip of the current recording electrode by means of a quartz tube (opening diameter, 350 m) positioned at a distance of ϳ0.5 mm to the cell. The linear flow rate of the solutions emerging from the opening of the tube was ϳ5-10 cm/s, resulting in typical rise times of the whole cell current of 30 -50 ms (10 -90%).
Data Analysis-Nonlinear regression fits of experimental data were performed with Origin (Microcal Software, Northampton, MA) or Clampfit (pClamp8 software; Axon Instruments, Foster City, CA). Dose-response relationships of cur- 
RESULTS

Amino Acid Transport Is Impaired by Mutations to Position
Asn 82 -Application of 10 mM L-alanine to voltage-clamped, SNAT2 WT -expressing HEK293 cells resulted in inwardly directed whole cell currents (typical trace shown in Fig. 1A ) in the presence of Na ϩ at the extracellular side of the membrane (V ϭ 0 mV, average current of Ϫ122 Ϯ 40 pA, n ϭ 7; gray bars in Fig. 1B ). This inward current returned to the base line without considerable overshoot after removal of alanine (supplemental Fig. S1 ). In contrast, application of 10 mM alanine to SNAT2 with the mutation N82A or the more conservative N82S mutation resulted in small inward currents (Fig. 1A ), which were on average 12 Ϯ 5 and 6 Ϯ 3% of the SNAT2 WT response, respectively (corrected for nonspecific currents; Fig.  1B ). These inward currents in SNAT2 N82A , although statistically not significantly larger than control currents at 0 mV, were caused by residual electrogenic transport of alanine, as demonstrated in supplemental Fig. S2 (see also results at Ϫ30 to Ϫ90 mV, which show inward currents significantly larger than control; Fig. 3C ). These results suggest that mutations in position 82 strongly interfere with the ability of SNAT2 to catalyze alanine transport current. Although it is possible that the lack of current activity of SNAT2 N82A is caused by a heterogeneous population of transporters with one population that is fully inactive and another small population that has wild-type-like activity, this scenario is unlikely because we do not see any evidence for a heterogeneous population of transporters in our data, such as dose-response curves (Fig. 2) . Furthermore, if a small, fully active fraction would be responsible for the residual transport current, then it is expected that this fraction has functional properties similar to those of the wild-type, fully active form. However, the experimental data contradict this expectation, showing that K m values for Na ϩ and substrate are dramatically changed compared with those of the wild-type transporter (Fig. 2) .
In contrast to mutations in position 82, the mutation R374Q did not significantly affect the alanine-induced transport current, whereas the Y337A mutation impaired transport current, but not to the same degree as the N82 mutations ( abilized cells (supplemental Fig. S3 ). Nontransfected cells showed no significant immunofluorescence, whereas SNAT2 WTexpressing cells were immunostained, showing intracellular labeling, but also fluorescence at the cell boundaries. This result is consistent with the membranous localization of SNAT2 observed in the electrophysiological recordings. This expression pattern of the transporter was not significantly changed in SNAT2 N82A and SNAT2 N82S , which also showed staining at the cell boundaries. Although diffraction-limited visible light fluorescence microscopy does not allow us to directly differentiate whether the transporters are localized in the membrane or very close to the membrane, the unchanged N82A immunostaining pattern together with the existence of alanine-induced currents suggest that the mutant transporter is, in fact, localized in the membrane. This conclusion is also in agreement with recently published data on the related system N transporter SNAT3 with the analogous mutation N76H, which was shown to be expressed in the membrane (24) .
To test whether the lack of alanine-induced transport current in SNAT2 N82A and SNAT2 N82S is caused by a loss of transport activity or by reduced electrogenicity of amino acid transport, we performed amino acid uptake experiments. Whereas wild-type transfected cells showed significant specific MeAIB uptake activity (7-fold higher than vector-transfected control cells), specific uptake was insignificant in SNAT2 N82A and SNAT2 N82S -transfected cells (Fig. 1B) . These results support the electrophysiological analysis of these mutant transporters, indicating that the Asn 82 mutations result in a loss of transport as well as uptake activity. Although the R374Q and Y337A mutations also resulted in some loss of MeAIB uptake activity (43 Ϯ 1 and 58 Ϯ 1% of wild-type control, respectively; Fig. 1B ), this loss was not as dramatic as that seen for the Asn 82 mutations. The loss of alanine transport activity of the mutant transporters may be caused by an increased K m for alanine. To test this possibility, we performed kinetic analysis of alanine-induced transport currents, which showed that the K m of SNAT2 N82A for alanine was reduced dramatically compared with the wild-type transporter (V ϭ 0 mV; Fig. 2A and Table 1 ). The apparent K m of SNAT2 N82A for alanine was 5.4 Ϯ 0.8 mM (n ϭ 8), which represents a 27-fold increase compared with that of SNAT2 WT (K m ϭ 200 Ϯ 20 M, n ϭ 5; Fig. 2E and Table 1 ). The more conservative mutation N82S resulted in a K m for alanine in between the wild-type and N82A transporters (K m ϭ 760 Ϯ 250 M, n ϭ 5; Fig. 2B and Table 1 ; but note that transport current is larger for SNAT2 N82A ), which only increased by 3.5-fold compared with wild-type SNAT2. In contrast to the Asn 82 mutations, the R374Q and Y337A mutations had a smaller effect on the K m for alanine, with K m increases of 2-3-fold, which were not statistically significant (Table 1 and Fig. 2 
, C and D).
Because SNAT2 N82A and SNAT2 N82S catalyzed very small alanine-induced transport currents at 0 mV (Fig. 1B) , we determined the K m of SNAT2N 82A and SNAT2 N82S for alanine also at Ϫ60 mV (summarized in Table 1 ), to get more accurate results. At this potential, the K m values of SNAT2 N82A and SNAT2 N82S for alanine were 4.4 Ϯ 0.5 mM (n ϭ 4) and 460 Ϯ 90 M (n ϭ 5), respectively. The K m value of SNAT2 WT for alanine was 120 Ϯ 4 M at Ϫ60 mV (n ϭ 4). Statistical analysis indicated that the voltage dependence of the K m values of the mutant transporters was not significant (Table 1, legend) . However, consistent with the data obtained at 0 mV, these results suggest that mutations to position 82, but not to Arg 374 and Tyr 337 dramatically reduce transport activity and increase the K m of SNAT2 for the substrate. Therefore, the following analyses will focus mainly on the Asn 82 mutations. To test whether transport activity of the Asn 82 mutant SNAT2s can be restored by an increase in the electrical driving force, we determined the voltage dependence of alanineinduced transport currents. L-Alanine evoked inward transport currents in SNAT2 WT (measured 4 s after alanine application and at saturating concentration of amino acid) showed a relatively small dependence on the membrane potential from Ϫ60 mV to ϩ60 mV but increased steeply at a potential of Ϫ90 mV (1.75 times the current at 0 mV; Fig. 3, B and C) . This steep increase may be caused by a slow, voltage-dependent inactivation process, which is most prevalent at negative voltages, because it is not seen in I-V relationships obtained 20 ms after a voltage jump (data not shown). Alanine-induced (10 mM) transport currents mediated by SNAT2 N82A , although small compared with SNAT2 WT , increased with increasingly negative membrane potential with a steeper voltage dependence (three times in a 90-mV voltage range; Fig. 3, A and C) , indicating that increased electrical driving force resulted in higher alanine transport activity of the mutant transporter relative to wild-type SNAT2. Because Na ϩ binding to SNATs from the extracellular side was proposed to be one of the major voltage-dependent steps in the transport cycle (14) , the possibility has to be considered that the mutations in position N82A interfere with Na ϩ activation of amino acid transport, as described in the next paragraphs.
Mutations at Asn 82 Inhibit Na ϩ -dependent Anion Leak Currents-SNAT2 is associated with an uncoupled anion conductance that is activated by Na ϩ binding to SNAT2 but inhibited by the binding of transported amino acid substrates (20) . We used this anion conductance as an assay to test the kinetics of interaction of Na ϩ with the mutant transporters. At negative voltages, application of 10 mM alanine to SNAT2 WT inhibited a tonic anion current caused by outflow of intracellular SCN Ϫ , resulting in an apparent outward current (the average value was 360 Ϯ 130 pA at Ϫ90 mV; Fig. 4 , C and D, n ϭ 5). In contrast, application of 10 mM alanine to SNAT2 N82A did not inhibit SCN Ϫ outflow current (Fig. 4 , A and D, n ϭ 6). SNAT2 N82S showed intermediate behavior with small inhibition of anion current at Ϫ90 mV (66 Ϯ 9 pA; Fig.  4 , B and D, n ϭ 4). The results described in the previous paragraph suggest that the Asn 82 mutations either interfere with the ability of SNAT2 to mediate anion current and/or that the Na ϩ concentration is too low to activate anion current. To differentiate between these possibilities, we determined whether application of higher concentrations of extracellular Na ϩ could activate anion current in SNAT2 N82A -and SNAT2 N82S -expressing cells (in the presence of 140 mM intracellular KSCN). For SNAT2 WT , 140 mM Na ϩ mediated large inward currents upon switching from Na ϩ -free extracellular solution (N-methylglucamine replacement) to 140 mM Na ϩ (Fig.  5A ) in the absence of extracellular amino acid (Ϫ98 Ϯ 16 pA, n ϭ 5; Fig.  5B ). In contrast, SNAT2 N82A -transfected cells showed only small anion current responses to [Na ϩ ] jumps at the same conditions (23 Ϯ 5 pA, n ϭ 6; Fig. 5, A and B) . These anion currents were not significantly larger than the ones recorded from non- transfected control cells (18 Ϯ 2 pA, n ϭ 5; Fig. 5, A and B) . SNAT2 N82S showed Na ϩ -induced anion current (-36 Ϯ 4 pA, n ϭ 8), although it was significantly smaller compared with SNAT2 WT (Fig. 5B) . For SNAT2 WT this anion current was Na ϩ concentration-dependent, saturating with an apparent K m for Na ϩ (K Na ϩ) of 100 Ϯ 7 mM (n ϭ 5; Fig. 5G ). In contrast, even at the highest Na ϩ concentration used (300 mM), SNAT2 N82A anion current was less than 2-fold that of nontransfected control cells (Fig. 5C ). This small anion current prevented us from estimating the K Na ϩ of this mutant transporter for Na ϩ . However, SNAT2 with the more conservative mutation N82S clearly showed a [Na ϩ ]-dependent anion current with a K Na ϩ value of about 300 mM ( Fig. 5D ; n ϭ 8), 3-fold higher than that of wildtype SNAT2. An increase of K Na ϩ was also observed for SNAT2 Y337A , whereas the R374Q mutation showed a K Na ϩ similar to wild-type SNAT2 (Fig. 5, E and F) . Together, these results suggest that mutations to position N82A interfere with the abilities of the transporter to interact with Na ϩ and/or to mediate anion current.
Previously, we characterized a transporter with the H304A mutation that has a dramatically increased anion conductance but similar Na ϩ activation kinetics of the anion current as the wild-type transporter (20) . Therefore, we used the SNAT2 H304A,N82A double mutant to test whether the anion conductance of SNAT2 N82A could be restored by the additional introduction of the H304A mutation. We measured the leak anion current activated by extracellular Na ϩ for the double mutant transporter in the presence of 140 mM intracellular KSCN without extracellular alanine. Application of 140 mM Na ϩ induced a large inward leak anion current for SNAT2 H304A at 0 mV ( Fig. 6 ; Ϫ340 Ϯ 120 pA, n ϭ 6). This leak anion current was 6-fold larger than that of SNAT2 WT (Ϫ98 Ϯ 16 pA, n ϭ 5; Fig. 5B ). 140 mM Na ϩ induced much smaller leak anion currents (Ϫ34 Ϯ 14 pA, n ϭ 5; supplemental Fig. S4, A and B) in SNAT2 H304A,N82A , which were on average 2-fold larger than those in nontransfected cells (Ϫ18 Ϯ 2 pA, n ϭ 5), indicating that at least some of the ability of SNAT2 to carry anion current was restored by the double mutant. Kinetic analysis showed that anion current induced by Na ϩ began to saturate at high [Na ϩ ] with an apparent K Na ϩ of 175 Ϯ 37 mM (n ϭ 5) for SNAT2 H304A (supplemental Fig. S4C ), which was only slightly increased compared with SNAT2 WT (K Na ϩ ϭ 100 Ϯ 7 mM, n ϭ 5; Fig. 5G ). In contrast, the small anion current induced by Na ϩ in SNAT2 H304A,N82A increased linearly with increasing [Na ϩ ], suggesting that Na ϩ was not able to saturate its binding site on the double mutant transporter, even at a [Na ϩ ] of 300 mM. This result indicates that the N82A mutation prevents SNAT2 H304A from interacting with Na ϩ with a low K Na ϩ.
The N82A Mutation Interferes with the Interaction of SNAT2 with Na
ϩ -Amino acid and the cotransported Na ϩ ion were proposed to bind to SNATs from the extracellular side in an ordered sequence, with Na ϩ binding first and amino acid binding second (14) . If this is the case, then defective Na ϩ binding to a mutant transporter with a high K Na ϩ should also result in a high apparent K m for alanine binding as well, according to Equation 1.
Here, K aa ϭ the intrinsic dissociation constant of SNAT2 for amino acid. To measure the K Na ϩ of wild-type and mutant SNAT2 more directly, we measured alanine-induced transport current as a function of extracellular [Na ϩ ] (Fig. 7) . This was . The N82A mutation results in a dramatic reduction of the apparent SNAT2 affinity for Na ؉ . The apparent affinities of SNAT2 N82A (circles) and SNAT2 WT (squares) for extracellular Na ϩ were measured by recording 20 mM L-alanine-induced transport current as a function of extracellular [Na ϩ ] at a membrane potential of Ϫ60 mV. Before normalization, which was used to illustrate the dramatic differences in K Na ϩ, the I max of SNAT2 N82A was 10 Ϯ 3% of that of SNAT2 WT . WT, wild type.
done at a membrane potential of Ϫ60 mV, at which SNAT2 N82A generates small but measurable transport current, and at [alanine] of 20 mM. Under these conditions, the apparent K Na ϩ of SNAT2 WT was 230 Ϯ 40 M (alaninebound transporter, n ϭ 5), whereas the K Na ϩ of SNAT2 N82A was increased 230-fold to 52 Ϯ 14 mM (Fig. 7, n ϭ 5) . These results directly show that the N82A mutation dramatically interferes with the ability of SNAT2 to interact with the sodium ion.
The N82A Mutation Eliminates Transient Charge Movement in Response to Voltage Jumps-In the absence of amino acid substrate, SNATs respond with transient currents to step changes of the transmembrane potential. For SNAT1, these transient currents were dependent on the Na ϩ concentration (14) . Thus, they were proposed to be caused by Na ϩ association with SNAT1 and/or voltage-dependent reorientation of the empty transporter, in analogy to other Na ϩ -coupled, secondary active transporters (25) (26) (27) (28) (29) . Consistent with this proposal, SNAT2 WT expressed in HEK293 cells responded to voltage jumps from a holding potential of 0 mV to a range of potentials from Ϫ150 to ϩ 90 mV (see voltage protocol in Fig. 8A ) with transient, alanine-sensitive currents that were manifested as an initial transient component that precedes steady-state alanine-induced transport current (Fig. 8A, bottom panel) . Within the Na ϩ concentration range tested, the maximum charge obtained from extrapolating to membrane potentials that saturated the charge movement was independent of [Na ϩ ] (Fig. 8B) , suggesting that most of the charge movement is caused by Na ϩ binding but not by reorientation of the empty transporter. If reorientation of the empty transporter would contribute to the charge movement, it would be expected that this maximum charge changes at low [Na ϩ ], as more transporters populate the Na ϩ -free states. In addition, K Na ϩ was voltagedependent, decreasing 4-fold while changing V m from 0 mV to Ϫ60 mV (data not shown), further supporting the idea of voltage-dependent Na ϩ binding to SNAT2. The charge movements, Q, of the on and the off response of these currents were similar to each other, within experimental error (Fig. 8C) , suggesting that this charge movement is capacitive in nature. The voltage jump-induced charge movement was voltage-dependent and could be fit with a Boltzmann-like relationship with an apparent valence, z Q , of 0.55 Ϯ 0.28 (n ϭ 4), and a midpoint potential, V1 ⁄ 2 , of Ϫ16 Ϯ 10 mV (n ϭ 4; Fig.  8D, bottom panel) . Charge movements in response to voltage jumps were absent in nontransfected control cells (Fig. 8A , second panel from the top). In contrast to SNAT2 WT , no alaninesensitive charge movement was seen in SNAT2 N82A -transfected cells (Fig. 8D, middle panel) after jumping the voltage from 0 mV to positive potentials. Only little inward charge movement was observed after voltage jumps to membrane potentials more negative than Ϫ30 mV. These results are consistent with the idea that at 140 mM and at voltages more positive than Ϫ30 mV, only a little Na ϩ is bound to SNAT2 N82A because of its high K Na ϩ, thus leading to reduced Na ϩ -dependent charge movement and reduced amino acid transport activity. Although unlikely in light of the high K Na ϩ and because the N82A mutation does not alter the net charge of the transporter, an alternative explanation for the absence of voltage jump-induced charge movement is that Na ϩ binding is electroneutral in the mutant transporter, but not in wild-type SNAT2.
DISCUSSION
Here we have studied the functional effects of mutations of three highly conserved amino acid residues in the putative TMDs 1, 7, and 8 of SNAT2, which is widely expressed in mammalian tissue and responsible for Na ϩ -driven transport of glutamine, alanine, and other small, neutral amino acids (5, 8, 12, 13) . The main result of this study is that mutations to Asn 82 dramatically increase the K Na ϩ for interaction of the transporter with the sodium ion. Although the experimental K Na ϩ reflects the apparent Na ϩ affinity, which is also determined by other steps in the transport cycle, such as substrate binding affinity, we interpret this increased K Na ϩ as dramatically decreased intrinsic Na ϩ affinity of SNAT2 N82A . Therefore, we conclude that the N82A mutation virtually eliminates the inter- action of the transporter with Na ϩ at physiological conditions, whereas a mutation in position 337 also inhibited Na ϩ binding but to a much smaller extent (summarized in Fig. 9A ). This result suggests that the conserved amino acid residue asparagine 82 in TMD1 of SNAT2 is required for Na ϩ interaction and amino acid transport by SNAT2. At physiological ion concentrations (140 mM extracellular Na ϩ ), the binding site of the mutant transporter for Na ϩ is far from being saturated, thus impeding amino acid binding and transport. However, even when raising [Na ϩ ] to saturating levels, amino acid transport activity is only partially restored, indicating that the mutation also impairs the conformational changes that are most likely accompanying transport. Our results are consistent with a recent report showing that mutation of the amino acid analogous to Asn 82 in SNAT3 (Asn 76 ) to histidine impairs amino acid transport, although Schneider et al. (24) did not elaborate on the underlying molecular cause(s) for this inhibition. The results presented here suggest that the N76H mutation inhibits amino acid transport by SNAT3 by also interfering with its ability to interact with Na ϩ , indicating similar interaction mechanisms of the two transporters with Na ϩ . One attractive possibility to consider is that the asparagine side chain in position 82 contributes directly to the coordination of Na ϩ by SNAT2. This idea is supported by the virtual elimination of Na ϩ interaction with the empty transporter by the N82A mutation, whereas the more conservative N82S mutation still allows Na ϩ to associate with the transporter, albeit with considerable lower apparent affinity than wild-type SNAT2. In contrast to the methyl side chain of alanine, the hydroxyl oxygen of serine may be able to partially replace the amide oxygen of asparagine for contributing to the coordination of the bound Na ϩ . However, even if the Asn 82 side chain is directly involved in coordinating Na ϩ , other amino acid residues contributing to this coordination are likely to be found in future studies, because Na ϩ prefers to be coordinated in proteins by six ligands (30) .
Our data do not rule out indirect effects of the mutations that reduce Na ϩ affinity through a long range effect. Such indirect effects are inherent in the mutagenesis approach. However, two types of indirect effects of the mutations are unlikely: 1) mutations in position 82 do not result in a complete misfolding of SNAT2 because the general binding sites for amino acid and Na ϩ are preserved, although they bind their substrate with dramatically reduced apparent affinity; and 2) indirect effects caused by the coupling of individual reaction steps in the transport cycle are unlikely because our approach is based on the study of these individual steps in isolation. SNAT1 was shown to be able to bind Na ϩ in the absence of amino acid (14) , and a similar observation was recently made for SNAT2 (20) . This suggests a sequence of events in which Na ϩ associates with SNAT2 first, followed by the binding of amino acid. Thus, the fractional occupation of the Na ϩ -binding site should have a direct effect on the K m of the transporter for amino acid (Equation 1). Consistently, we find that SNAT2 N82A has a dramatically increased K m for alanine compared with wild-type SNAT2 WT . As stated above, we interpret this increase in K m as a reduction in the apparent substrate affinity. This alanine affinity increases when raising [Na ϩ ] to a larger extent in the mutant transporter than in SNAT2 WT (Fig.  7) . Therefore, we propose that the low apparent alanine affinity of the mutant transporters is indirectly caused by their low affinity for Na ϩ , which reduces the fractional occupation of the Na ϩ -binding site at 140 mM Na ϩ , in turn resulting in a high K m for alanine. Consistently, our results suggest that the actual dissociation constant for amino acid, which reflects the intrinsic, not the apparent affinity, is 80 M in SNAT2 N82A (Equation 1 ). This value is not significantly different from the wild-type value (119 M).
SNAT2 belongs to the SLC38 family of transport proteins, which is part of a larger superfamily of transporters that also includes the vesicular amino acid transporters, SLC32 (31), proton-driven amino acid transporters, SLC36 (32) , and plant amino acid permeases (33) . It was also suggested that the bacterial amino acid/polyamine/organocation family is evolutionarily distantly related to the SLC38 transporters (34) . The transporters of the superfamily have 10 -14 predicted transmembrane domains, with TMD1 showing an extraordinary high degree of conservation within the subfamilies. This observation fits well with our data, showing that a highly conserved amino acid residue in TMD1 of SNAT2 is involved in cation coupling of amino acid transport, as illustrated by the mapping of the effect of the mutations studied here onto the predicted transmembrane topology model of SNAT2 (Fig. 9B) . This result may indicate that TMD1 is a critical component of the transport pathway, consistent with previous reports on plant amino acid transporters (35) and an amino acid/polyamine/organocation family member (36) showing that mutations to amino acid in putative TMD1 inhibit amino acid transport. Together, these results point to a functional importance of TMD1 for amino acid transport by SNAT2 and provide a framework for future structure function studies on SLC38 transporters that should involve residues in TMD1. In contrast to Asn 82 , the polar amino acid residue Arg 374 , which is also highly conserved among the SLC38 members, appears to not be critical for amino acid transport and Na ϩ interaction. In the predicted transmembrane topology of SLC38 transporters (Fig. 9B) , Arg 374 and His 304 are the only amino acid residues with potential charge. Because our mutagenesis results suggest that positive charge in position 374, as well as 304 (20) , is not required for transport activity, it is unlikely that the SLC38 transporters utilize charge from amino acid side chains to compensate for charges of the zwitterionic amino acid or the cotransported Na ϩ ion. It can be speculated that SNAT2 rather uses partial charges from local dipoles or helix dipoles for charge compensation.
In conclusion, this work demonstrates the functional importance of the highly conserved aspargine residue in position 82. Mutations to this position result in impaired amino acid transport, as well as in a dramatic defect of the interaction of SNAT2 with the cotransported sodium ion. Our results highlight the importance of predicted TMD1 for the function of SLC38 transporters and those of related families.
